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In a recent study of Cd at concentrations similar to environmental exposures, we found that redox-dependent inflammatory signaling by NF-B was sensitive to the actin-disrupting agent, cytochalasin D. The goal of the present study was to use mass spectrometry-based redox proteomics to investigate Cd effects on the actin cytoskeleton proteome and related functional pathways in lung cells at low environmental concentrations. The results showed that Cd under conditions that did not alter total protein thiols or glutathione redox state caused significant oxidation of peptidyl Cys of proteins regulating actin cytoskeleton. Immunofluorescence microscopy of lung fibroblasts and pulmonary artery endothelial cells showed that low-dose Cd exposure stimulated filamentous actin formation and nuclear localization of destrin, an actin-depolymerizing factor. Taken together, the results show that redox states of peptidyl Cys in proteins associated with actin cytoskeleton pathways are selectively oxidized in lung by Cd at levels thought to occur from environmental exposure. cadmium; cysteine proteome; cytoskeleton remodeling; lung fibroblasts; pathway analysis CADMIUM (Cd) is a relatively rare naturally occurring metal with considerable commercial utility, especially for batteries, pigments, and electroplating processes. Along with other metals, e.g., arsenic, lead, and mercury, Cd is an important human health risk (2, 3, 4) . Cd is present in food (50 -120 g/kg) and tobacco products (2) and accumulates in humans because Cd is not effectively excreted (65, 76, 77) . Cd is classified as a human carcinogen by the National Toxicology Program (71) , affecting lung, prostate, renal, liver, and hematopoietic and other systems. Research suggests involvement of oxidative processes with aberrant gene activation and signal transduction, suppressed apoptosis, disruption of E-cadherin-mediated cell-cell adhesion, and altered DNA repair (7, 77) . Cadmium is poorly mutagenic (77) and likely acts as an epigenetic or indirect genotoxic carcinogen (7) . Acute and chronic Cd toxicities at high dose are extensively studied (77) , and guidelines are available for occupational exposure and drinking water (1, 5) ; however, environmental low-dose Cd effects are not fully investigated.
Adverse health effects of chronic Cd intake by inhalation or oral exposure show kidney and bone as the most sensitive targets of Cd toxicity, but other organ systems are also affected (2) . Environmental exposure to Cd is closely associated with lung diseases, such as chronic obstructive pulmonary disease and lung cancer (42, 57, 63) . In vivo studies of mice and rats with Cd administration showed that Cd stimulates inflammatory signaling by elevating production of cytokines and leukocyte infiltration in the lung (6, 47, 52, 73) . However, it remains unclear how Cd exposure at environmental low-dose levels results in disruption of the pulmonary system, resulting in lung diseases.
Previous studies with high-dose Cd treatments and our cell study with low-dose Cd exposure show that actin polymerization/depolymerization regulation is involved in Cd-induced toxicological cell signaling responses (18, 29, 53, 62) . The study by Zschauer et al. (82) showed an actin-controlled cell-death mechanism, which was associated with disruption of actin-thioredoxin (Trx) interaction. Similarly, our previous study showed that Trx1 nuclear translocation is stimulated by low-dose Cd, and Cd effects on nuclear events were inhibited by blocking actin function (29) . The detailed mechanisms for low-dose Cd-elevated stress signaling in association with changes in protein redox states are largely unknown.
Cd is not redox active but interacts with thiols and selenium to yield characteristics of oxidative stress (13, 14, 21, 26, 80) . Cd-increased oxidative stress has been observed in multiple studies due to cellular redox disruption, such as decreased amounts of antioxidants, GSH, and inactivation of antioxidant enzymes, glutathione reductase, glutathione peroxidase, superoxide dismutase, and catalase (33, 37) . In addition to altering the glutathione redox system, Cd increased actin glutathionylation concomitant with increased actin polymerization (15) . Actin glutathionylation/deglutathionylation, regulated by redox-dependent mechanisms, is associated with actin dynamics (16, 38, 67) .
Actin cytoskeleton remodeling through actin dynamics (assembly and disassembly of F-actin) is critical for numerous biological processes, including cell growth, cell migration, membrane trafficking, endocytosis, and cell morphogenesis (32, 48, 83) . In addition to actin, a group of actin-associated cytoskeleton proteins plays an important role in controlling actin dynamics. Oxidation of Cys 139 and 147 in the actinbinding protein cofilin stimulates apoptotic signaling as a consequence of inhibiting interaction with actin, as well as increasing mitochondrial translocation (43) . Other research shows that cofilin oxidation impairs cytoskeletal function in T cells (44) . Destrin, a member of the cofilin family, is an actin-depolymerizing factor. Destrin containing a nuclear-localizing sequence is essential for the rapid turnover of F-actin by binding to the actin monomer (66) . Activity of destrin is regulated by serine phosphorylation (35) ; however, its redox sensitivity related to biological function is not known.
The aim of the present study was to determine whether Cd-induced redox changes in the actin cytoskeleton proteome have an effect on biological and functional pathways responsible for lung cell physiology. Studies were performed using redox proteomics and cellular and biochemical methods in primary lung fibroblasts (LF) challenged with Cd. Results show that actin cytoskeleton and actin-associated proteins were substantially oxidized by Cd. Increased F-actin formation and nuclear translocation of destrin were observed in LF treated with low levels of Cd. Taken together, the present study shows the first evidence that exposure of lung cells to environmental levels of Cd affects actin cytoskeleton remodeling regulation systems in association with redox disruption in actin cytoskeleton proteome. Consistently, functional pathway analysis identified actin cytoskeleton remodeling as the most significantly affected pathway by Cd exposure.
MATERIALS AND METHODS
Cell culture and low-dose Cd treatment. Fibroblasts were isolated from mice (C57BL/6; Charles River Laboratories, Wilmington, MA) lungs and maintained in DMEM culture media with 10% fetal bovine serum supplemented with antibiotics (penicillin/streptomycin). Human pulmonary artery endothelial cells (PAEC) were obtained from Lonza (Allendale, NJ) and were cultured in endothelial growth medium according to protocols provided by the manufacturer. LF and PAEC were maintained in a humidified incubator at 5% CO 2 at 37°C and were treated with Cd (0.5, 1.0 M as CdCl2; Sigma-Aldrich, St. Louis, MO) in a 2% FBS media for 18 h.
Mouse exposure to Cd. All animal experiments and husbandry for the studies presented were conducted under the review and approval of the Emory University Institutional Animal Care and Use Committee. Mice (C57BL/6) purchased from Charles River Laboratories were maintained in the Emory University Division of Animal Resources Facility. Mice (8 -10 wk, 12 mice per group) were used to determine whether redox proteomic changes seen in vitro also were detectable in vivo in lung. For this purpose, mice were given intraperitoneal injection of Cd (10 mg/kg) or saline (9) and euthanized at 6 h postinjection to collect lung tissue samples as used previously to characterize effects of Cd on gene expression (25) . This exposure shows less extensive effects in lung than in liver or kidney, but significant effects on stress genes (MT1/MT2, heat shock proteins, c-Jun, Jun-b) and xenobiotic metabolizing enzymes (cyp2F2, methyltransferase, acetyltransferase) are observed (25) . To address Cd effects on redox systems, we examined redox states of cysteine (Cys)-containing peptides (peptidyl Cys), total protein thiols, and the glutathione system.
Determination of gene expression levels by quantitative real-time PCR. Total mRNA was isolated from LF treated with nothing or Cd (0.5 M, 18 h), and lung tissues of mice that were challenged with Cd (0, 10 mg/kg, 6 h) using RNeasy mini kit (Qiagen, Valencia, CA (70) and reduced/oxidized glutathione (GSH/GSSG) by highperformance liquid chromatography with fluorescence detection (41) .
Values were used to calculate the steady-state redox potential for cellular GSH/GSSG potential (E hGSSG) using the measured concentrations, the Nernst equation, and respective E oGSSG (Ϫ264 mV, pH 7.4) (41). Trx reductase 1 (TrxR1) activity was measured by monitoring NADPH oxidation rate at absorbance 340 nm after incubating purified TrxR1 protein with Cd (1:0.5 mol ratio).
Immunocytochemistry and fluorescence microscopy. To examine low-dose Cd-induced alteration in filamentous (F) actin formation and localization of actin-associated protein, destrin, we used fluorescent microscopy. Eighteen hours after Cd treatment, LF cells and PAEC were washed, fixed, stained with BODIPY FL Phallacidin (Invitrogen, Molecular Probes, Eugene, OR) for F-actin detection. To test the effects of other metals on F-actin formation, cells were treated with ZnCl 2 (1.0 M) and AlCl3 (1.0 M) for 18 h followed by the same procedures as described above. To monitor subcellular localization of destrin, LF treated with Cd were incubated with anti-destrin antibody (Ab; Abcam, Cambridge, MA) followed by Cy3-conjugated goat anti-rabbit Ab (Jackson Immuno Research, West Grove, PA) together with Hoechst for cell nuclei staining. Immunofluorescence of F-actin and destrin were visualized using an Olympus X-70 fluorescence microscope system, and F-actin was quantified using ImageJ software (http://imagej.nih.gov/).
Quantification of peptidyl Cys by redox proteomic analysis. Redox ICAT was performed using Isotope Coded Affinity Tag (ICAT)-based mass spectrometry (27, 30, 31, 31a) . This methodology has been extensively studied and developed to minimize oxidation during sample extraction, processing, and mass spectrometry as previously described (27, 30, 31, 31a) . Briefly, LF cells treated with Cd (LF, 0.5 M and 1.0 M for 18 h) or with no treatment were washed with ice-cold PBS three times and lysed by ice-cold 10% trichloroacetic acid (TCA). Protein precipitate (120 g) was washed with ice-cold acetone, resuspended in 80 l denaturing buffer (50 mM Tris, 0.1% SDS, pH 8.5) provided by the manufacturer (AB Sciex, Foster City, CA), and treated with the biotin-conjugated thiol reagent [Heavy isotopic (H-ICAT)] for 1 h at 37°C. Protein was then precipitated by 10% TCA for 30 min on ice, pelleted, washed with acetone, and resuspended in 80 l denaturing buffer. Unlabeled disulfides and sulfenic acids in the proteins were then reduced by Tris-(2-carboxyethyl phosphine) and labeled with another biotin-conjugated thiol reagent [Light isotopic (L-ICAT)] at 37°C for 1 h. Samples including both H-and L-ICAT-labeled proteins were digested with trypsin for 18 h, fractionated by cationic exchange followed by avidin purification, and analyzed by mass spectrometry as described below. ICATlabeled Cys-containing peptides (peptidyl Cys) were identified with an H to L ratio as a measure of the reduced/oxidized state of the protein, expressed as percentage values, and labeled as "% oxidized state". Identified peptides were individually processed to eliminate redundancies, matched to proteins based on amino acid sequences, and assigned to be compared between each treatment (control, CR; 0.5
Cys from Cd treatment into % oxidized state of the identical peptidyl Cys from CR. For lung redox proteomics, three mice for each saline and Cd intraperitoneal injection were used. Lung tissues were homogenized in 10% TCA on ice, and then extracted lung proteins (120 g) were used for redox ICAT analysis as described above. Fold oxidation was calculated by comparing % oxidation state of peptidyl Cys of Cd treatment to that of saline CR.
Mass spectrometry. ICAT-labeled Cys peptides were analyzed by reverse-phase liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) (81) . Peptide eluates were monitored in an MS survey scan followed by 10 data-dependent MS/MS scans on an LTQ-Orbitrap ion trap mass spectrometer (Thermo Finnigan, San Jose, CA). The LTQ was used to acquire MS/MS spectra (2-m/z isolation width, 35% collision energy, 5,000 AGC target, 200-ms maximum ion time). The Orbitrap was used to collect MS scans (300 -1,600 m/z, 1,000,000 AGC target, 500-ms maximum ion time, resolution 30,000). All data were converted from .raw files to the .dta format using ExtractMS version 2.0 (Thermo Finnigan, San Jose, CA). The acquired MS/MS spectra were searched against a concatenated target-decoy human reference database of the National Center for Biotechnology Information using the SEQUEST Sorcerer algorithm (version 3.11, SAGE-N) (20) ; searching parameters included partially tryptic restriction, parent ion mass tolerance (Ϯ20 ppm), dynamic modifications of oxidized Met (ϩ15.9949 Da), differential ICAT-modified Cys (ϩ9.0302 Da), and static ICAT modification of Cys (ϩ227.1270 Da). The peptides were classified by charge state and tryptic state (fully and partial) and first filtered by mass accuracy (10 ppm for high-resolution MS) and then dynamically by increasing XCorr and ⌬Cn values to reduce protein false discovery rate to Ͻ1%, according to the target-decoy strategy (19, 61) . Parameter settings allowed detection of 100% oxidation and 100% reduction as well as H:L ratios for partially oxidized peptidyl Cys. Peptides included for analyses are presented in Supplemental Table S1 ; supplemental material for this article is available online at the American Journal of Physiology Lung Cellular and Molecular Physiology website.
Biological network analysis by MetaCore. Functional genomic and proteomic networks affected by protein redox state were analyzed using MetaCore (Thomson Reuters; https://portal.genego.com/), Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com/), and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/ kegg/). Mean percentage of oxidation of three biological replicates for each saline CR and Cd treatment were calculated to fold oxidation by comparing Cd to CR. Peptidyl Cys with fold oxidation value (Ն1.5) were analyzed for pathways by MetaCore. Protein/gene ID and fold oxidation value of each peptidyl Cys were loaded into MetaCore (Version 6.13, build 43450). Ranking of relevant integrated pathways was based on hypergeometric P values (49). Pathway analysis was specified with a significance level for the false discovery rate (FDR) filter by setting FDR threshold level at 0.05. Total Pr-SH (% of control)
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Fig. 1. Cadmium (Cd) increased mRNA expression of metallothionein (MT) without affecting total protein thiol level and glutathione redox state. Lung fibroblast (LF) exposed to Cd at low level as indicated was measured for glutathione (GSH, GSSG) concentration (A, top) and respective GSH/GSSG redox potential (EhGSSG, A, bottom). LF exposed to Cd as above was examined for mRNA levels of metallothioneines (MT1 and MT2, B). Data shown are representative of 3 independent experiments. *P Ͻ 0.05 vs. control (CR) group. Glutathione level, EhGSSG (C), total protein-bound thiol level (D), and MT1 expression (E) in lung tissues isolated from mice exposed to Cd (10 mg/kg) or saline for 6 h were analyzed. n ϭ 12.
increase compared with CR (MT1, 5.7 Ϯ 0.5; MT2, 5.9 Ϯ 1.0; Fig. 1B ). These data show that Cd treatment used for the present study is associated with minimal global oxidative stress. Short-term in vivo Cd exposure under conditions known to increase lung MT (25) similarly had no significant effects on GSH concentration (saline, 5.3 Ϯ 0.4 mM; Cd, 4.2 Ϯ 0.3 mM) or redox state of glutathione (E h GSSG; saline, Ϫ233.2 Ϯ 2.3 mV; Cd, Ϫ226.9 Ϯ 1.2 mV) (Fig. 1C ). Cd treatment also had little effect on total protein thiol (saline, 100%; Cd, 89.8 Ϯ 4.7%; Fig. 1D ) measured by the Ellman's reagent (70) but caused increased MT (MT1, 9.3 Ϯ 1.6; MT2, 9.1 Ϯ 1.9; Fig.  1E ). These data show that short-term exposure to Cd in mice can be used to examine whether changes observed in the redox proteome in vitro also occur in vivo.
Cd-induced oxidation of peptidyl Cys measured by redox
ICAT mass spectrometry. Cd is not redox active; however, many studies show that cells and mice respond to Cd similarly as to oxidative stress (15, 29, 33, 37) . Previous research shows effects of Cd on the cytoskeleton, and our earlier study showed that low-dose Cd caused nuclear translocation of NF-B that was blocked by cytochalasin D. To determine whether lowdose Cd altered redox states of lung proteins, we used redox ICAT/MS-based proteomics to measure oxidized state of peptidyl Cys in LF and mouse lung. To quantify redox states of peptidyl Cys, LF with Cd treatment at low doses (0, 0.5, 1.0 M) were examined by redox ICAT/MS. In parallel, mouse lungs in three biological replicates were used for each saline CR and Cd (10 mg/kg weight). Redox ICAT analysis requires that each peptide be detected in both heavy-isotope and lightisotope form to allow determination of the oxidized state (% oxidized). Consequently, some data were missing for individual experiments (Supplemental Table S1 ). We filtered peptidyl Cys for fold oxidation compared with control (0.5 M Cd/CR, 1.0 M Cd/CR, 10 mg/kg Cd/CR), keeping those with values higher than 1.5-fold change (50% more oxidized than CR) in both LF (in vitro) and mouse lung (in vivo) and summarizing results for peptidyl Cys in Fig. 2 and Table 1 . A complete list of these peptidyl Cys, along with proteins containing these sequences, is given in Table 2 . Table S1 ). The distribution of oxidized state (% oxidized) of peptidyl Cys is shown in histograms (Fig. 2) , with mean percentage of oxidation indicated by arrows. The oxidized state of peptidyl Cys was increased by Cd in both fibroblasts ( Fig. 2A) and mouse lung Lung tissue (10 mg Cd/kg weight, underlined).
( Fig. 2B) . These results suggest that Cd application with low (LF) and acute high (mouse lung) doses could affect specific proteins to be more sensitive to oxidation without causing significant oxidation in global thiol level and GSH amount (Fig. 1) .
Pathways for cytoskeleton remodeling are most significantly affected by Cd.
To analyze functional pathways affected by Cd exposure, we performed pathway analysis using MetaCore software from Thomson Reuters (https://portal.genego.com/). Cd-oxidized peptidyl Cys were selected for pathway analysis if fold increase was 1.5 or higher compared with those in CR (LF 0.5 M Cd, 263; LF 1.0 M Cd, 314; lung, 417; Table 1 ). To compare LF and lung studies, Ն1.50-fold oxidation of peptidyl Cys data obtained from 0.5 M Cd (n ϭ 263, LF) 1.0 M Cd (n ϭ 313, LF), and 10 mg/kg Cd (n ϭ 417, mouse lung) were analyzed independently by setting FDR threshold level at 0.05. The result shows that 31 statistically significant pathways overlap between three Cd treatments. Of these, 11 were associated with actin cytoskeleton remodeling pathways; the top five most statistically significantly pathway maps are shown (Fig. 3) . These include three actin cytoskeleton remodelingassociated pathways, chemokines, and adhesion and histamine H1 receptor signaling defined with P values of all data, Cdtreated LF (0.5 M, 1.0 M Cd, top 2 bars, Fig. 3 ) and mouse lung (10 mg/kg, bottom bar, Fig. 3 ). The ratio indicates the number of matched proteins (peptidyl Cys) from the present three experimental datasets (numerator, red text) to the number of expected proteins (denominator, green text) of whole database associated with the respective pathway.
Because actin cytoskeleton regulation pathways were identified as significant pathways affected by Cd in both LF and mouse lung, fold oxidation of respective peptidyl Cys to this pathway were further analyzed for mean fold oxidation (see actin/actin associated/cytoskeleton proteins in Table 2 ). As shown in Fig. 3 , the two most significant pathways identified were "regulation of actin cytoskeleton by Rho GTPase" and "cytoskeleton remodeling" with ratios representing oxidation of 13 out of 23 and 21 out of 102 proteins, respectively. Overview of maps for regulation of actin cytoskeleton by Rho GTPase is shown with respective protein objects with redox values visualized by three thermometers (1, 0.5 M Cd; 2, 1.0 M Cd; 3, 10 mg Cd/kg; Fig. 4 ). Identified peptidyl Cys respective to 14 proteins for top significant pathways are marked by a rectangular box in Fig. 4 . Table 2 also provides fold oxidation data for peptidyl Cys respective to the proteins associated with other cellular functions, such as G protein cell signaling, cell stress, and translation, which are known as redox-sensitive mechanisms.
In addition to MetaCore pathway analysis, we utilized IPA and KEGG software to evaluate whether other bioinformatics databases identify similar significant pathways to that from MetaCore analysis. The result of IPA (Fig. 5) shows that top networks affected by Cd-oxidized peptidyl Cys from LF and mouse lung (Ն1.5-fold oxidation in all LF and mouse lung, see Table 2 also) are cellular assembly and organization, cellular function and maintenance, and cell cycle, which are regulated by actin cytoskeleton proteins. A group of peptidyl Cys respective to the proteins for actin binding proteins is shown in a dotted circle [cofilin, adenylyl cyclase-associated protein, destrin, gelsolin, and protein S100A11], and these are known as redox-sensitive actin-binding proteins regulating actin polymerization/depolymerization. The darker red color of destrin and gelsolin indicates higher oxidation in peptidyl Cys of these proteins than other objects in networks (see Fig. 5 and Table 2 for fold oxidation). Consistent with MetaCore pathway analysis, the IPA result also suggests that actin cytoskeleton regulation pathway could be most sensitively affected by Cd exposure. The result from KEGG pathway analysis additionally supports MetaCore and IPA data of Cd-affected actin cytoskeleton regulation (Fig. 6 , the detailed map is available at http://www.genome.jp/kegg/pathway/hsa/hsa04810.html). Cys residues of amino acid sequences for the respective protein are provided in this pathway (red text, Fig. 6 ). These results show that multiple proteins in the actin cytoskeleton redox proteome have a relatively high sensitivity to Cd exposure.
Low levels of Cd affect actin dynamics by increasing F-actin formation and altering cellular localization of actin-associated protein, destrin.
To evaluate the pathway analysis data related to biological functions and provide an initial translation to human cells, mouse LF and human PAEC exposed to low-dose Cd (0.5, 1.0 M) were examined for actin dynamics. Actin dynamics is controlled by actin polymerization and depolymerization by forming F-actin and monomeric globular actin (17, 22) . This process also involves multiple regulatory factors, including actin depolymerizing factors (ADF), cofilin, and ] provided with -log P value and P value and ratio. The statistical tools (-log P, P value) evaluate relative connectivity of proteins of different functions. Ratio shows relative connectivity calculated for each protein identified in the present study (red) compared with the expected number (green) of interaction data for the whole dataset.
destrin. To examine F-actin formation, we quantified low-dose Cd-affected F-actin stained by BODIPY FL Phallacidin (Fig. 7) . Unlike Cd, other redox-inactive metals, Zn and Al at a low level (1.0 M), had no significant effect on F-actin formation (Fig. 7) . This is consistent with our earlier studies showing that Zn had no significant effect on protein redox signaling without or with Cd (29) . We then examined cellular localization of destrin (known as ADF) as measures of actin dynamics (Fig. 8) . The results showed that F-actin formation was increased in PAEC (0.5 M Cd, 1.3 Ϯ 0.1-fold; 1.0 M, 1.8 Ϯ 0.2-fold, Fig. 7 ) and LF (see F-actin images in the left column, Fig. 8 ) by low levels of Cd. These results suggest that Cd treatment at low levels controls actin dynamics by affecting actin filament formation, perhaps involving Cys oxidation of actin and actinbinding proteins. We next examined cellular localization of actin-associated protein, destrin, by Cd treatment. We selected destrin among ADF for biological function because the redox ICAT data show that peptidyl Cys (C 23 STPEEIK) for destrin was substantially oxidized by Cd (0.5 M, 12.4-fold; 1.0 M Cd, 17.8-fold; Table 2 ) in LF. Although little is known about C 23 function, this Cys residue appears to be highly redox sensitive. The result showed that LF exposed to Cd substantially stimulated destrin nuclear localization (orange color, Cy3-labeled destrin protein, Fig. 8 ) at 0.5 and 1.0 M Cd treatments. The data suggest that destrin oxidation by Cd could result in dissociation of destrin from actin, allowing translocation into cell nuclei. Because of destrin function in actin depolymerization, its dissociation from actin could potentiate actin polymerization.
Low-dose Cd oxidizes multiple proteins/peptidyl Cys related to lung disease mechanisms. IPA analysis indicates that a group of Cd-oxidized proteins is associated with TGF-␤ signaling pathways (Fig. 9A) . Identified proteins in association with redox changes of peptidyl Cys in these networks include NADH dehydrogenase, prolyl 4-hydroxylase, FK506-binding protein, fibulin, ATP-binding cassette, martin 3, ATP synthase, purine nucleoside phosphorylase, HSP 105, HSP 70, ADP ribosylation factor, and eukaryotic translation initiation factor. Interestingly, Cd-induced reduction in some peptidyl Cys, e.g., ADP ribosylation factor like (0.5 M Cd, 2.0-fold; 1.0 M Cd, 1.4-fold), ATP synthase (1.0 M, 10-fold), and purine nucleoside phosphorylase (1.0 M, 2.0-fold), were observed; however, proteins are mostly oxidized by Cd treatment (Fig. 9A ). Previous studies with gene and protein expression data show a close relationship between these proteins and pulmonary diseases, e.g., pulmonary fibrosis, emphysema development, lung cancer, neonatal lung diseases, cystic fibrosis, chronic obstructive pulmonary disease, alveogenesis, pulmonary inflammation, and idiopathic pulmonary fibrosis (Fig. 9A) (6a, 11, 36, 45, 46, 50, 56, 72, 75 ). An additional analysis using PubMed library search has been performed to evaluate Cd exposurerelated pulmonary diseases. The result including publication amount relevant to pulmonary diseases (pulmonary edema, emphysema, pulmonary fibrosis, chronic obstructive pulmonary disease, and lung cancer) is shown in a bar graph (Fig. 9B) . 
DISCUSSION
The present results are consistent with substantial literature showing that the actin cytoskeletal system is sensitive to Cd and involves oxidative stress mechanisms. The key new finding is that, even at low doses where no significant effects are observed on the GSH antioxidant system, widespread oxidation of peptidyl Cys residues occur in proteins of the cytoskeleton. As shown in Fig. 6 , we identified multiple proteins with peptidyl Cys in actin cytoskeleton regulation pathways that were affected by low levels of Cd. The proteins/Cd-oxidized Cys residues with their respective functions that are directly related to actin cytoskeleton regulation are as follows: actinin (Cys  180 ) actin stabilization; myosin light chain (Cys 461 ) regulates stress fiber formation. These data support the previous finding that actin oxidation is associated with altered actin dynamics by disrupting filamentous and monomeric actin formation (17, 22) . In our previous studies, we also found that actin cytoskeleton proteins were susceptible to oxidation during inflammatory signaling associated with mitochondrial oxidation (27, 30) . More recently, we found that low-dose Cd stimulates inflammatory signaling by mediation of increasing nuclear translocation of Trx-1 and NF-B activation (29) . Interestingly, this signaling was inhibited by an inhibitor of F-actin formation, cytochalasin D, suggesting a key role for actin in redox-dependent regulation of nuclear events.
Actin interacts with multiple proteins, including actin-associated proteins, Trx-1, and TrxR, which regulate redox signaling mechanisms for cellular maintenance and survival (74, 79, 82) . Because the Trx system is the major cellular redoxcontrolling system in addition to GSH system, the finding of actin-Trx1 interaction (79, 82) and TrxR (74) suggests that Cd-induced alteration of actin redox state might be regulated by the Trx system. The redox proteomics data of the present study shows that Cys 73 of Trx1 was oxidized by Cd (mean fold oxidation by Cd, 1.4; mouse lung data, Supplemental Table  S1 ). In addition, TrxR containing catalytically active selenocysteine appears to be affected sensitively by Cd, perhaps due to interaction of Cd with selenocysteine. Consistently, our data show that Cd treatment significantly inhibited TrxR activity (37% inhibition of TrxR activity by 0.5 mol Cd to 1.0 mol TrxR, data not shown). Consequently, these results suggest that the Cd-altered redox state of actin cytoskeleton proteins may involve the Trx redox system, Trx and TrxR. Taken together, the present study supports the notion that environmental levels of Cd exposure could impact redox states of functional Cys of actin cytoskeleton proteins, perhaps by disrupting the Trx redox system. Such an upstream effect could account for effects on multiple signaling and metabolic pathways regulating cell physiology and pathophysiology. Due to the complexities of Cd-induced pathophysiology and a relatively small amount of data on a low-level Cd effect, it appears to be difficult to evaluate diseases as outcomes of low-level Cdinterrupted actin cytoskeleton dynamics associated with redox disruption. However, increasing evidence shows that an alteration in cell structure resulting from disruption in actin cytoskeleton dynamics is implicated in diseases, including sickle cell disease, cancer, and pulmonary fibrosis. For example, actin oxidation with disulfide bond formation between Cys 284 and Cys 374 , which decreases actin filament dynamics, is relevant because an increased disulfide bonded actin was observed in patients with sickle cell (22) .
Risk assessment calculations for Cd have been recently summarized (68); importantly, research shows evidence for Cd-related toxicity in patients with no signs of nutritional deficiency and who consumed dietary Cd within the provisional tolerable weekly intake (1 g/kg per day) (69) . Cd is 112 g/mol, so this is about 0.01 M Cd per day if fully absorbed and distributed in 50 l of body water. Cd binds to proteins and is transported to cells, so free Cd does not equate to total Cd; however, because the elimination half-life in humans is about 20 yr, expected accumulation in 1 yr is greater than the amount used in the present experiments. Accordingly, the present study with low-dose Cd (Յ1.0 M) in lung cells shows a potential link between Cys redox change and actin cytoskeleton dynamics disruption under conditions relevant for human Cd exposures and health risk (68 Blue; 0.5 µM Cd, Red; 1.0 µM Cd, Green: Pulmonary diseases B A Fig. 9 . Cd-affected TGF-␤ pathways and pulmonary diseases. IPA-identified other significant networks affected by Cd show that Cd-affected proteins are associated with TGF-␤ signaling. Based on the previous studies, association between Cd-affected proteins (blue, fold oxidation by 0.5 M Cd; red, fold oxidation by 1.0 M Cd) and pulmonary diseases (green) are shown in the networks (A). COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis; IPF, idiopathic pulmonary fibrosis. Numbers of publications studied on Cd-related pulmonary diseases was obtained by PubMed search using keywords for cadmium and indicated lung diseases. The result is shown in a bar graph (B).
Direct data on Cd deposition, retention, or absorption are not available from human lung, but data from animal studies suggest that lung retention is greatest after short-term exposure (5-20% after 15 min to 2 h) (8, 34, 55) . Tobacco smoke is an important source of Cd exposure due to accumulated Cd in tobacco leaves (up to 2-4 g/cigarette). The concentration of Cd in the lung and blood of smokers has been estimated to be in the M range (30 M in some lung regions, 1.58 g/l in blood) (2, 12) . Thus acute redox change in lung cells of smokers may be greater than found here. The high absorption of Cd from cigarette smoke appears to be due to the very small size of particles in cigarette smoke, and alveolar deposition appears to be very high (10 -100%) (58) . The results of respiratory exposure to Cd via inhalation or intratracheal instillation show damage in the pulmonary system. Mice after inhalation (6 g/m3) resulted in change in bronchiole morphology (23), mitochondrial damage of Sertoli cell (10) , and proliferation of type II pneumocytes in association with decreased amount of cell adhesion molecule such as E-cadherin in alveolar epithelial cells (60) . In addition, Cd inhalation of rats rapidly induced pulmonary fibrosis (24) , inflammation, and emphysema in association with pulmonary oxidative stress (42) . Similar to the findings from the present study, Cd exposure via inhalation also shows disruption in the pulmonary system involving oxidative stress and alteration in cell structure.
In previous research examining steady-state oxidation of peptidyl Cys in proteins under control conditions without exogenous toxic challenge, we found that proteins mapped to functional networks according to percentage of oxidation (27) . In this research in proliferating HT-29 colon cancer cells, an actin-cytoskeleton module of proteins was recognized to have a more reduced steady state than many other functional modules. These findings have been discussed in terms of possible hierarchical redox network structures in which similar redox sensitivities of subsets of peptidyl Cys provide a mechanism to regulate and coordinate biological functions (28) . Indeed, studies of the evolution of the Cys proteome (54) and quantitative redox biology suggest that a large fraction of the Cys proteome could function as redox-sensing Cys (39) .
Although the present study was focused on Cd effects on the cytoskeleton, it should be noted that the present data in combination with previous applications of MS-based redox proteomic methods (27, 30, 40) show that low-dose Cd oxidizes multiple proteins/peptidyl Cys related to lung disease mechanisms (see IPA-identified networks for TGF-␤ signaling and pulmonary diseases in Fig. 9A ). Even though a causal relationship between low-dose Cd-interrupted actin cytoskeleton dynamics, redox disruption, and pulmonary diseases is not available, previous studies support the significance of Cd-related pulmonary diseases (Fig. 9B) . The present studies support accumulating evidence (51, 64, 78) that the actin cytoskeleton function has a central role in lung function and disease. Thus the data highlight the importance of understanding effects of low-dose Cd on the actin cytoskeleton to help evaluate risks of environmental exposure.
